
1ScienTific Reports |  (2018) 8:12250  | DOI:10.1038/s41598-018-29760-5

www.nature.com/scientificreports

Differential expression of serum 
biomarkers in hemodialysis 
patients with mild cognitive 
decline: A prospective single-center 
cohort study
Bin Zhu1, Li-Na Jin2, Jian-Qin Shen2, Jin-Feng Liu2, Ri-Yue Jiang3, Ling Yang4, Jie Zhang5,  
Ai-Lin Luo5, Li-Ying Miao2 & Chun Yang5

Studies suggest that hemodialysis patients are at a higher risk for cognitive decline than healthy 
individuals; however, underlying mechanisms have not been fully elucidated. We aimed to investigate 
the roles of serum biomarkers, such as brain-derived neurotrophic factor (BDNF), inflammatory 
cytokines, fibroblast growth factor (FGF)-23 and its co-receptor α-klotho and platelet (PLT) count in 
mild cognitive decline (MCD) of patients undergoing hemodialysis in this prospective cohort study. 
Serum levels of BDNF, tumour necrosis factor (TNF)-α, interleukin (IL)-6 and the number of PLT were 
significantly altered in the MCD group compared with those in healthy controls (HCs) or those with 
normal cognitive function (NCF). Although serum α-klotho and FGF-23 levels were significantly altered 
in the MCD group, there were no statistical differences between the MCD and NCF groups. Serum 
BDNF levels and PLT counts were significantly correlated with cognitive test scores. Receiver operating 
characteristic (ROC) curves demonstrated that BDNF and PLT were potential biomarkers for improved 
MCD diagnosis in patients with hemodialysis. These findings suggest that hemodialysis-related MCD is 
associated with altered BDNF, TNF-α and IL-6 levels as well as PLT counts and that serum BDNF levels 
and PLT counts are potential biomarkers for hemodialysis-related MCD diagnosis.

Chronic kidney disease (CKD) has increasingly become a global public health problem1. Epidemiological studies 
show that the incidence of CKD in adults is approximately 15% in developed countries2,3. In China, approximately 
10.8% (120 million) people suffer from CKD4. Cognitive functioning encompasses an individual’s psycholog-
ical understanding and processing and consists of multiple domains including memory, computing, time and 
space orientation, structural ability, executive functioning and understanding, expression and application of lan-
guage5. Furthermore, the spectrum of cognitive decline, ranging from mild cognitive impairment to dementia, 
is clinically dependent on varying degrees of impairment caused by several undetermined pathological causes6. 
A growing body of evidence demonstrates that the incidence of neurological and psychiatric symptoms, such as 
depression, anxiety and altered cognitive function, is significantly higher in hemodialysis patients than in healthy 
individuals7,8. Therefore, a better understanding of the cognitive decline observed in patients with CKD under-
going hemodialysis is needed.

Cognitive decline occurs not only in the end-stage renal disease but also in earlier stages of CKD9,10. Although 
the pathological mechanisms of CKD-related cognitive dysfunction remain unclear, the adverse impact tox-
ins that are not efficiently cleared from the circulation might be associated with altered cognitive function. 
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Interestingly, we found that some non-elderly patients with normal cognitive function (NCF) before hemodial-
ysis developed mild cognitive decline (MCD) after several years of hemodialysis. In addition, a cross-sectional 
cohort study including 108 maintenance hemodialysis patients reported that approximately 25% of individuals 
were cognitively declined11. These findings highlight the striking deleterious effects of hemodialysis on cognitive 
function of patients.

Hemodialysis is an independent risk factor for MCD and seriously affects the quality of life in patients with 
CKD, also leading to prolonged hospitalisation and increased risk of death12,13. However, the mechanisms under-
lying hemodialysis-related MCD have not yet been fully elucidated. A clinical study by Drew et al.14 included 263 
hemodialysis patients indicated that serum fibroblast growth factor (FGF)-23 was highly associated with poor 
performance on a cognition test. Other than FGF-23, a limited number of studies investigated the role of other 
serum biomarkers in the pathogenesis of hemodialysis-related MCH. We therefore aimed to assess whether other 
serum biomarkers were involved in the pathogenesis of hemodialysis-related MCH. Specifically, we compared the 
levels of brain-derived neurotrophic factor (BDNF), α-klotho and its coreceptor FGF23, tumour necrosis factor 
(TNF)-α, interleukin (IL)-6 and platelet (PLT) number among hemodialysis patients with MCD or normal cog-
nitive function (NCF) and healthy control (HC) subjects. We also evaluated correlations between cognition test 
scores and serum biomarkers and performed receiving operating characteristic (ROC) curves to assess whether 
certain serum biomarkers could predict and diagnose hemodialysis-related MCD.

Results
General clinical characteristics of patients receiving hemodialysis.  Table 1 shows the summary 
of the clinical characteristics of the study patients including age, sex, routine blood test values and biomedical 
parameters. Briefly, haemoglobin, haematocrit, red blood cell count, blood urea nitrogen, creatinine and albumin 
were significantly different among the MCD, NCF and HC groups, whereas age, sex, white blood cell (WBC) 
count, dialysis period, serum calcium, serum phosphate, parathyroid hormone, dry body weight or education 
history were not different among the three groups.

Cognitive function is worse in hemodialysis patients with MCD than those with NCF.  CKD patients  
undergoing hemodialysis were divided based on their performance on two cognitive function tests: the Montreal 
Cognitive Assessment (MoCA) (Fig. 1A) and the Mini-Mental State Examination (MMSE) (Fig. 1B). We found 
that MoCA scores were significantly lower in the MCD group than in the HC and NCF groups, whereas no 

Variable HC (n = 20) NCF (n = 29) MCD (n = 29) F t χ2 P

Male [n (%)] 11 (55.00) 15 (51.70) 15 (51.70) 0.11 0.97

Age (years) 45.00 ± 8.90 43.10 ± 7.80 48.00 ± 7.20 2.87 0.06

Education (years) 11.10 ± 3.06 11.24 ± 2.46 10.83 ± 2.25 0.19 0.82

Type of kidney diseases 9.88 0.27

Chronic glomerulonephritis — 17 15

Diabetic nephropathy — 1 5

Benign arteriolar nephrosclerosis — 0 1

Polycystic kidney — 1 1

IgA nephropathy; — 0 1

Medullary sponge kidney — 0 1

Chronic kidney disease of unknown etiology — 6 5

Nephrotic syndrome — 3 0

Systemic lupus erythematosus nephropathy — 1 0

HB (g/L) 142.20 ± 20.20 107.90 ± 13.00 108.90 ± 12.80 37.23 <0.001***

HCT (L/L) 0.43 ± 0.05 0.33 ± 0.04 0.33 ± 0.04 38.54 <0.001***

WBC (109/L) 6.14 ± 1.26 5.99 ± 1.80 5.79 ± 1.61 0.29 0.75

RBC (1012/L) 4.94 ± 0.45 3.69 ± 0.50 3.69 ± 0.52 47.15 <0.001***

BUN (mmol/L) 4.40 ± 0.85 27.55 ± 5.71 24.33 ± 4.42 179.30 <0.001***

Cr (umol/L) 71.55 ± 8.65 1052.00 ± 195.90 965.00 ± 172.50 258.40 <0.001***

ALB (g/L) 46.04 ± 2.49 40.04 ± 1.99 41.46 ± 4.03 24.40 <0.001***

Dialysis duration (months) — 71.52 ± 38.13 78.07 ± 47.39 0.58 0.56

Calcium (mmol/L) — 2.15 ± 0.24 2.25 ± 0.29 1.34 0.18

Phosphate (mmol/L) — 2.25 ± 0.70 2.07 ± 0.69 0.96 0.33

PTH (pg/mL) — 534.3 ± 478.2 420.5 ± 362.6 1.02 0.31

Dry weight (kg) — 61.42 ± 11.25 58.00 ± 8.28 1.32 0.19

Table 1.  Clinical and biological parameters of patients among the three groups. Data are shown as 
means ± standard error of means (n = 20–29), ***p < 0.001. ALB: albumin; BUN: blood urea nitrogen; Cr: 
creatinine; HB: haemoglobin; HC: healthy control group; HCT: haematocrit; MCD: mild cognitive decline 
group; NCF: normal cognitive function group; PLT: blood platelet; PTH: parathyroid hormone RBC: red blood 
cell; WBC: white blood cell.
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significant differences were observed between the HC and NCF groups. Similarly, MMSE also exhibited a signif-
icant decrease in the MCD group compared with the other two groups.

Serum PLT count and biomarker levels.  Serum BDNF levels were significantly lower in both the MCD 
and NCF groups than the HC group. Intriguingly, there was a significant decrease in serum BDNF levels in the 
MCD group compared with the NCF group (Fig. 2A). FGF-23 and α-klotho levels were significantly different 
among the three groups. Specifically, serum α-klotho levels were significantly down-regulated in both the MCD 
and NCF groups, compared with the HC subjects (Fig. 2B). In contrast, serum FGF-23 levels were significantly 
increased in both the MCD and NCF groups compared with the HC group (Fig. 2C). However, serum α-klotho 
and FGF-23 levels failed to show a significant change between the MCD and NCF groups. In the present study, 
we also measured serum levels of several inflammatory cytokines. We found that both TNF-α and IL-6 levels 
were significantly higher in the MCD group than the HC group, whereas they were both significantly lower in the 
NCF group compared to the MCD group. Interestingly, when compared with the HC group, TNF-α but not IL-6 

Figure 1.  Assessment of cognitive function by MoCA and MMSE. (A) MoCA scores among the three study 
groups (F2,75 = 83.21, p < 0.0001). (B) MMSE scores among the groups (F2,75 = 13.89, p < 0.0001). Data are 
shown as means ± standard error of means (n = 20–29); ***p < 0.001. HC: healthy control; MCD: mild 
cognitive decline; MMSE: Mini-Mental State Examination; MoCA: Montreal Cognitive Assessment; NCF: 
normal cognitive function; N.S.: not significant.

Figure 2.  Serum levels of biomarkers among the three study groups. (A) Serum BDNF levels (F2,70 = 37.09, 
p < 0.0001). (B) Serum α-klotho levels (F2,75 = 57.26, p < 0.0001). (C) Serum FGF-23 levels (F2,74 = 11.70, 
p < 0.0001). (D) Serum TNF-α levels (F2,75 = 32.37, p < 0.0001). (E) Serum IL-6 levels (F2,72 = 11.80, p < 0. 0001). 
(F) Blood PLT count (F2,75 = 7.04, p < 0.001). Data are shown as means ± standard error of means (n = 5–7 
or 20). *p < 0.05, **p < 0.01 or ***p < 0.001. BDNF: brain-derived neurotrophic factor; FGF-23: fibroblast 
growth factor-23; HC: healthy control; IL-6: interleukin-6; MCD: mild cognitive decline; NCF: normal cognitive 
function; N.S.: not significant; PLT: platelet; TNF-α: tumour necrosis factor-α.
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was higher in the NCF group (Fig. 2D,E). Finally, CKD patients with MCD exhibited significantly decreased PLT 
counts compared with the HC and the NCF groups (Fig. 2F).

Correlation of MoCA score with serum biomarkers.  We next investigated the potential correlations 
among serum biomarkers and the MoCA scores. Our analysis revealed that BDNF, α-klotho and PLT count were 
positively correlated with the MoCA score (Figs 3A,B,F), whereas TNF-α and IL-6 were negatively correlated 
with the MoCA score (Fig. 3D,E). Interestingly, several lines of evidence suggest that FGF-23 plays a key role in 
the molecular mechanisms of CKD and hemodialysis as well as the associated cognitive dysfunction. However, 
in the present study, we failed to show a significant correlation between FGF-23 and the MoCA score (Fig. 3C).

Correlation of MMSE score with serum biomarkers.  Our analysis also revealed that BDNF and PLT 
count were independently correlated with the MMSE score (Fig. 4A,F); however, other biomarkers including 
α-klotho, FGF-23, TNF- α and IL-6 did not correlate with the MMSE score (Fig 4B–E).

Evaluation of serum biomarkers for the diagnosis of hemodialysis-related MCD using ROC curve  
analysis.  The best cut-off values for serum α-klotho, FGF-23, IL-6, TNF-α, PLT count and BDNF levels for 
the diagnosis of dialysis-induced MCD were 469.5 pg/ml, 1264.5 ng/ml, 1.8 pg/ml, 21.1 pg/ml, 158.5 × 109/l and 
20.0 ng/ml, respectively. Analysis of all dialysis-induced MCD cases revealed that the area under the ROC curve 
for α-klotho, FGF-23, IL-6, TNF-α, PLT count and BDNF were 0.58, 0.56, 0.71, 0.79, 0.72 and 0.62, respectively 
(Fig 5). Table 2 summarises the sensitivity, specificity, positive predictive value, negative predictive value and 
accuracy of α-klotho, FGF-23, IL-6, TNF-α, PLT count and BDNF for the diagnosis of dialysis-induced MCD.

Discussion
Hemodialysis is of critical importance to patients with CKD15. However, there is limited information on its poten-
tial deleterious effects on cognitive function. In the present study, we found that hemodialysis-related MCD was 
likely associated with changes in levels of serum biomarkers including BDNF, TNF-α and IL-6 as well as blood 
PLT counts. We did not find, however, any differences in serum levels of α-klotho or FGF-23 between the NCF 
and MCF groups.

BDNF is a protein that synthesised and widely distributed in the central nervous system (CNS) which plays 
an important role in the survival, differentiation and growth of neurons during CNS development16,17. Our and 
other studies suggest that patients with BDNF deficit are prone to neurological disorders and that clinical symp-
toms are significantly improved after amelioration of BDNF loss18,19. In the present study, we found that the NCF 
and MCD groups exhibited significantly decreased serum BDNF levels. Furthermore, a significant difference in 
serum BDNF levels observed between the MCD and NCF groups lend support that hemodialysis-related cogni-
tive decline is associated with BDNF loss, consistent with a previous clinical study by Zoladz et al.20. Although 

Figure 3.  Correlations between MoCA and serum biomarkers. (A) Correlation between MoCA and serum 
BDNF (r2 = 0.12, p = 0.002). (B) Correlation between MoCA and serum α-klotho (r2 = 0.13, p = 0.002). (C) 
Correlation between MoCA and serum FGF-23 (r2 = 0.02, p = 0.23). (D) Correlation between MoCA and 
serum TNF-α (r2 = 0.27, p < 0.0001). (E) Correlation between MoCA and serum IL-6 (r2 = 0.02, p < 0.0001). 
(F) Correlation between MoCA and blood PLT count (r2 = 0.11, p = 0.003). BDNF: brain-derived neurotrophic 
factor; FGF-23: fibroblast growth factor-23; IL-6: interleukin-6; PLT: platelet; TNF-α: tumour necrosis factor-α. 
MoCA: Montreal Cognitive Assessment.
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the correlation between BDNF and MMSE score was not significant (p = 0.06), serum BDNF level was likely 
associated with the MoCA score. Furthermore, the ROC curve analysis revealed BDNF as a potential biomarker 
for the diagnosis of hemodialysis-induced MCD. In contrast, Shin et al.21 demonstrated that plasma BDNF level 
was significantly higher in hemodialysis patients than that of HC individuals. The reasons underlying this dis-
crepancy, however, are not yet clear, and further studies on the role of BDNF in hemodialysis-related cognitive 
decline are required.

Alpha-klotho and FGF-23 have been widely reported to play important roles in a number of complications 
caused by hemodialysis, particularly in disorders of calcium and phosphorus metabolism22,23. Alpha-klotho, an 
anti-ageing protein, has been widely reported to be down-regulated in Alzheimer’s disease, an ageing-related 

Figure 4.  Correlations between MMSE and serum biomarkers. (A) Correlation between MMSE and serum 
BDNF (r2 = 0.05, p = 0.006). (B) Correlation between MMSE and serum α-klotho (r2 = 0.03, p = 0.10). (C) 
Correlation between MMSE and serum FGF-23 (r2 = 0.01, p = 0.37). (D) Correlation between MMSE and 
serum TNF-α (r2 = 0.03, p = 0.16). (E) Correlation between MMSE and serum IL-6 (r2 = 0.04, p = 0.07). (F) 
Correlation between MMSE and blood PLT count (r2 = 0.06, p = 0.003). BDNF: brain-derived neurotrophic 
factor; FGF-23: fibroblast growth factor-23; IL-6: interleukin-6; PLT: platelet; TNF-α: tumour necrosis factor-α; 
MMSE: Mini-Mental State Examination.

Figure 5.  ROC curves of serum biomarkers including α-klotho, FGF-23, IL-6, TNF-α, BDNF and PLT count 
for the diagnosis of hemodialysis-related MCD. BDNF: brain-derived neurotrophic factor; FGF-23: fibroblast 
growth factor-23; IL-6: interleukin-6; MCD: mild cognitive decline; PLT: platelet; ROC: receiver operating 
characteristic; TNF-α: tumour necrosis factor-α.
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disease characterized by cognitive decline24,25. Conversely, therapeutic strategies aimed at increasing CNS levels of 
α-klotho might reverse neurodegenerative processes26. However, our results failed to show a significant alteration 
in serum α-klotho levels in MCD patients compared with the NCF patients, although α-klotho was significantly 
decreased in CKD patients after hemodialysis. Furthermore, we previously reported the correlation between 
serum FGF-23 and Pi levels and that hemodiafiltration might be an effective method for clearing serum FGF-23 
in hemodialysis patients with hyperphosphatemia27. FGF-23 was recently shown to not only play an important 
role in the molecular mechanisms underlying CKD and hemodialysis28,29 but also exert physiological functions 
in neuronal morphology and synaptic density30. In the present study, changes in FGF-23 levels were comparable 
to those of α-klotho, and no differences were observed between patients with cognitive decline and those with no 
decline. However, Drew et al.14 demonstrated that FGF-23 was negatively correlated with cognitive scores. They 
showed that FGF-23 was significantly up-regulated in patients with cognitive impairment. The discrepancies 
between their findings and our results might be explained by two reasons. First, patient enrollment criteria of 
the two studies are distinct. While Drew et al.14 included hemodialysis patients with cognitive impairment, the 
current study investigated hemodialysis patients with the milder form of cognitive decline. Second, detection 
methods used for biomarkers are different. While Drew et al.14 measured the C-terminal fragment of FGF-23, the 
assay we used measured the full-length FGF-23. Based on our findings, we suggest that hemodialysis can cause 
abnormal expression of serum FGF-23 and α-klotho but that hemodialysis-related MCD might not be associated 
with the changes in levels of FGF-23 and α-klotho.

Inflammatory cytokines play key roles in the pathogenesis and therapeutic mechanisms of CKD, 
hemodialysis-related side effects and brain diseases31–33. Montinaro et al.13 suggested that an increase in IL-6, 
an inflammatory cytokine, was linked to the presence of emotional symptoms. Furthermore, cognitive behav-
ioural therapy significantly decreased the levels of inflammatory cytokines such as high-sensitivity C-reactive 
protein and IL-18 in 72 hemodialysis patients with sleep disorders34. In the present study, we demonstrated that 
TNF-α and IL-6 were significantly increased in hemodialysis patients and that their levels were significant differ-
ent between the NCF and MCD groups. Moreover, MoCA but not MMSE was negatively correlated with serum 
levels of TNF-α and IL-6. This discrepancy might be explained by several factors. First, the MoCA has a wider 
range of measurements to assess cognitive function compared with the MMSE. The MMSE is suitable only for 
the detection of cognitive decline with impaired memory and language, and memory and language function 
account for only 60% of the cognitive function35. Second, the MoCA is more sensitive than the MMSE for assess-
ing cognitive function. The MoCA is more likely to detect early-stage MCD and is more suitable for population 
screening36. Third, the MoCA is more rational in design and superior for the diagnosis of MCD. MCD is mainly 
characterised by delayed memory decline, which is detected more accurately with the MoCA37. Therefore, these 
findings demonstrate that hemodialysis-related MCD is accompanied by changes in serum levels of TNF-α and 
IL-6. However, the correlation and ROC analyses indicated that these two biomarkers might not be well suited for 
the diagnosis of MCD in CKD patients undergoing hemodialysis. Additional, detailed studies on the specific role 
of inflammatory cytokines in the pathogenesis of hemodialysis-related MCD are thus necessary.

PLTs are bioactive small pieces of cytoplasm that break off from the cytoplasmic lysis of mature bone mar-
row megakaryocytes38. Both mean PLT volume and PLT distribution width were reported to be decreased in 
patients with mild cognitive impairment and Alzheimer’s disease39. In addition, PLTs were previously shown to be 
exhausted after hemodialysis because of repeated hemodialysis stimulation and recurrent release of PLT degran-
ulation products40. The results of the current study showed that blood PLT counts were significantly decreased in 
hemodialysis patients with MCD than that of healthy control individuals and hemodialysis patients with NCF. 
Furthermore, PLT counts were positively correlated with the MoCA and MMSE scores. Interestingly, substantial 
amounts of BDNF are expressed in PLTs, which contain 50- to 100-fold higher BDNF levels compared with the 
brain, and BDNF is released after PLT activation31–43. It is therefore likely that BDNF levels are closely related 
to PLT counts and function. The findings of the current study implicate both BDNF levels and PLT counts in 
hemodialysis-related MCD, suggesting that serum BDNF and PLT counts should be considered as objective indi-
cators to aid in the diagnosis of hemodialysis-related MCD.

In conclusion, the present study revealed that abnormalities in serum levels of BDNF, TNF-α and IL-6 as well 
as PLT counts, but not α-klotho or FGF-23, might be contributing to hemodialysis-related MCD and that serum 
BDNF level and PLT counts might act as biomarkers for the diagnosis of hemodialysis-related MCD. Further 
detailed studies on the role of BDNF and PLTs in hemodialysis and its adverse effects are necessary.

Evaluation index cut-off value Sensitivity Specificity
Positive predictive 
value

Negative 
predictive value Accuracy

α-klotho, (n) 469.5 pg/ml 41.4% (12/29) 44.8% (13/29) 42.9% (12/28) 43.3% (13/30) 43.1% (25/58)

FGF-23, (n) 1264.5 ng/ml 62.1% (18/29) 31.0% (9/29) 64.3% (18/28) 30.0% (9/30) 46.6% (27/58)

IL-6, (n) 1.8 pg/ml 17.2% (5/29) 44.8% (13/29) 17.9% (5/28) 43.3% (13/30) 31.0% (18/58)

TNF-α, (n) 21.1 pg/ml 37.9% (11/29) 10.3% (3/29) 39.3% (11/28) 10.0% (3/30) 24.1% (14/58)

PLT, (n) 158.5 × 109/L 51.7% (15/29) 17.2% (5/29) 38.5% (15/39) 26.3% (5/19) 35.0% (20/58)

BDNF, (n) 20.0 ng/ml 13.8 (4/29) 65.5 (19/29) 28.6 (4/14) 43.2 (19/44) 40.0 (23/58)

Table 2.  Evaluation of α-klotho, FGF-23, IL-6, TNF-α, PLT and BDNF as potential serum biomarkers for the 
diagnosis of hemodialysis-induced mild cognitive decline. BDNF: brain-derived neurotrophic factor; FGF-
23: fibroblast growth factor-23; IL-6: interleukin-6; MCD: mild cognitive decline; PLT: platelet; ROC: receiver 
operating characteristic; TNF-α: tumour necrosis factor-α.
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Methods
Participants and study design.  This prospective cohort study included 58 CKD patients undergoing 
hemodialysis between February and May 2017 at the Blood Purification Centre, The Third Affiliated Hospital of 
Soochow University. The study cohort was divided into the MCD and NCF groups, each comprising 29 patients, 
based on cognition tests, and 20 healthy individuals were also enrolled in the HC group. The MCD group included 
15 males and 14 females, with an average age of 48.00 ± 7.20 years. In this group, primary diseases were chronic 
glomerulonephritis, type II diabetes mellitus, type I diabetes mellitus, benign arteriolar nephrosclerosis, polycys-
tic kidney disease, IgA nephropathy and medullary sponge kidney in 15, 4, 1, 1, 1, 1 and 1 patient, respectively, 
whereas the cause of CKD was unknown in 5 patients. Similarly, 15 males and 14 females were enrolled in the 
NCF group, with an average age of 43.10 ± 7.80 years. In the NCF group, causes of CKD were chronic glomerulo-
nephritis, nephrotic syndrome, type II diabetes mellitus, polycystic kidney disease, systemic lupus erythematosus 
and unknown in 17, 3, 1, 1, 1 and 6 patients, respectively. Eleven males and 9 females, with an average age of 
45.00 ± 8.90 years, were included in the HC group.

Exclusion criteria were history of surgery for invasive intracranial pressure monitoring; mental or neurolog-
ical diseases such as dementia, Alzheimer’s disease and schizophrenia; brain trauma; use of antiepileptic drugs, 
alcohol or illicit drugs. Written informed consent was obtained from all participants, and the study was approved 
by the Ethics Commission of Soochow University (Changzhou, China) and conducted in accordance with the 
principles of Declaration of Helsinki. This clinical study was registered with the Chinese Clinical Trial Register 
(Clinical Trial Number: ChiCTR-ROC-16009283).

Treatment.  All patients enrolled in this study underwent blood purification three times a week. Treatment 
regimen was hemodialysis twice a week combined with haemodiafiltration once a week or hemodialysis 
once a week combined with haemodiafiltration twice week. Hemodialysis was performed using the Behrin 
Low-Flux Poly (B. Braun Diacap LOPS15, Germany), and the haemodiafiltration was treated by a Braun 
high-throughput polysulfone membrane dialyser (B. Braun Diacap HIPS15). Each session was about four hours, 
and low-molecular-weight heparin was used for anticoagulation. Dialysis solutions were bicarbonate with an 
average blood flow velocity of 200–280 ml/min, and dialysis flow rate was 500 ml/min. Displacement volume 
using post-replacement was calculated by approximately 30% of ultrafiltration flow rate.

Cognitive function tests.  MMSE is a widely used cognitive screening test. Items in the MMSE address orien-
tation, memory, recall, attention and naming objects, following verbal and written commands, writing a sentence 
and copying a figure, to reach a score range from 0 to 30. An MMSE score <27 is considered to indicate MCD.

MoCA was a recently developed test to address the shortcomings of MMSE in detecting mild cognitive impair-
ment. MoCA has additional, more complex tasks including executive function. Items address orientation, draw-
ing figures, processing speed, naming objects, memory, recall, attention, vigilance, repetition, verbal fluency and 
abstraction. MoCA score range is the same as that of MMSE (0–30). A MoCA score ≥26 is considered to indicate 
normal cognition. Additionally, MoCA adds one point for those whose educational level is 12 or fewer years.

Laboratory tests.  Routine blood tests were measured using an automated five-class blood cell analyser 
electrical impedance device (Sysmex Corporation, Japan). Blood urea nitrogen, creatinine, calcium, phosphorus 
and albumin were detected by an automated biochemical analyser (Leadman Biochemical, China). Parathyroid 
hormone measurement was achieved using chemiluminescence (Beckman, US), whereas serum α-klotho levels 
were measured using an enzyme-linked immunosorbent assay (Immuno-Biological Laboratories, Japan). Serum 
FGF-23, IL-6 and TNF-α levels were measured by a Luminex 200 protein liquid chip platform (Millipore, US) 
according to the manufacturer’s instructions.

Statistical analysis.  Data were expressed as means ± standard error of the mean (S.E.M.). Statistical anal-
yses were performed using SPSS 13.0 (SPSS, Chicago, IL, USA). Comparisons between groups were performed 
by one-way analysis of variance followed by post hoc Tukey test, Student’s t test or χ2 test. Correlation analysis 
was conducted using Pearson’s product-moment coefficient. The diagnostic cut-off values, sensitivity, specificity 
and accuracy were determined by ROC curve analysis. A p value < 0.05 was considered to indicate a statistically 
significant difference.
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